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U. S. NAVAL ORDNANCE LABORATORY 
White Oak, Sliver Spring, Maryland 

21 September 1953 

MEMORANDUM 

Subj: NavOrd Report 2833, errata sheet for 

1. The following Is errata sheet for NavOrd Report 2833 by 
E. T. Hooper. 

(1) Page 9» line 1, the word "unstablllty" should read 
"Instability" 

(2) Figure 2, page 20, bottom, the equation 

P ~'TTT 
should read T 

* f¥)R-) 
(3) Figure 7, page 25, top, line 3 

"bakerlite cores boxes" 

should read 

"bakellte core boxes" 

1.T. Hooper 
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1 

ABSTRACT: Two magnetic amplifiers are described which are 
designed to drive a standard line of servo motors. External 
circuitry permits the adaptation of the basic amplifier to 
varying servo system requirements. This generally amounts 
to a compensation for tha system bandwidth. This permits 
the use of the two magnetic control amplifiers in a wide 
range of applications.   

The simple servo design technique employed in determining 
the external circuitry is outlined.. This allows rapid 
determination of values f JI* compensation of a given system. 

The performance of each amplifier-motor combination is given 
for a large range of gear ratios and with various system 
loads. These extensive performance curves anticipate the 
requirements of many systems and can be used to predict the 
performance of these amplifier-motor combinations in a speci- 
fied system. 
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The Bureau of Ordnance assigned to the Naval Ordnance Labora- 
tory Task N0L-Re8-l-2-53 of which problem 3 was to design, 

|      de-/clop, and construct prototypes of packaged magnetic ampli- 
fiers for use with servo motors, Mark 7, Mark 8, Mark 14 and 

I      Max'k 16. The design was to Include external circuitry for 
stabilization and gain in order that the packaged units be 

I      as universal in application as possible. The most universally 
I      applicable characteristics of standard magnetic amplifiers 
I      for use with these motors were to be outlined. 

: 

I  1 

A previous report, "Magnetic Amplifier Servo Compensation," 
I      NavOrd Report 2709* by Herbert He Woodson derived a compen- 

sation technique which lent itself very readily to the solu- 
I      tion of this problem. Acknowledgement is made by the author 

to Mr. Woodson for advice and assistance in the completion of 
I      this problem, 
r 1 

j      This report describes amplifier construction details, outlines j 
I      a simple design procedure for adaptation to servo system 

requirements, and gives system per ormance curves for a wide 
}      variety of applications. 

D. S. wdfEli 9t. 
By direct'ionr 

I " 

1 { 
l 

-1 

EDWARD L. WOODYARD 
Captain, USN \ 
Commander     ^ I 
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MAGNETIC CONTROL AMPLIFIERS XM-16A AND XM-17A 
POP USE WITH 

SERVO MOTORS MARK 7, MARK 8, MARK 14, AND MARK 16 

INTRODUCTION 

1. The liiherently fast speed of response and other advan- 
tages of the half-wave magnetic amplifier have been discussed1. 
In addition, the half-wave magnetic amplifier lends Itself 
very readily to the application of compensation techniques2. 
These considerations Indicate the use of the half-wave mag- 
netic amplifier with compensation In the solution of many 
high performance servo problems. 

2. A given servo motor may be used In a wide variety of appli- 
cations. However, regardless of the application, the motor 
will determine the design of the magnetic amplifier stage 
which drives It. The entire servo system and the desired 
performance determine the design of the remainder of the 
controller. 

3. These conditions suggest the possibility of a basic 
packaged control amplifier In which the output stage is 
designed for a particular motor while the remainder of the 
controller can be externally adjusted to meet varying system 
requirements. This report describes two such controllers, 
the Magnetic Control Amplifier, XM-16A, for use with the servo 
motors Mark 7, Mark 8, and Mark 16 and the Magnetic Control 
Amplifier XM-17A for use with the servo motor Mark 14.5 This 
report is based on Modification 0 of these motors and is 
thereby applicable to all modifications having the same elec- 
trical characteristics. 

SERVO DESIGN 

4. The servo motors, Mark 7, Mark 8, Mark 16, and Mark 14 
each have a frequency response characteristic as shown quali- 
tatively by curve a, figure 1. They have a steady state 
sinusoidal transfer function of the type* 

K  
TmJa)(Tm,jcD + 1) 

Eq. (1) 

The motor has a frequency corner o>i, seen In figure 1 equal 
to l/Tm and occurring at a phase shift of 45 degrees. When 
this motor is placed in a closed loop system where the load 
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friction and inertia reflected to the motor shaft is negli- 
gible, as in an Instrument type servo, a resultant bandwidth 
of approximately the same frequency as the motor corner (a>i) 
is obtained. For a first order closed loop system the band- 
width is defined as the frequency at the 90° phase shift point. 
Addition cf appreciable frlotional loading to the system will 
increase the bandwidth while Inertia loading will reduce the 
bandwidth. Under these conditions the new system bandwidth 
is used as a basis for controller design. Compensating for 
this system time constant results in improved performance. 
In the following discussion this compensation is accomplished 
within the magnetic amplifier. 

5. By cascading a lead network having the characteristics of 
f     curve b, figure 1 (lower break frequency, cog, and upper break 

frequency, 03) with the motor having the characteristics of 
H     curve a, the system break frequency is increased as shown by 

curve c. This permits Increased gain to be sv^Mltzed in a 
closed loop, resulting in Improvement in velocity constant 
and static accuracy. 

6. The necessary lead function for extension of the system 
break frequency is provided by a three stage magnetic ampli- 
fier with negative Integral feedback around it. Figure 2 
Is a block diagram of this lead network. If Ri is made equal 
to zero, then the entire output of the amplifier is fed into 
the integrating network, and j  equals zero. Under this con- 
dition, the transfer function of the system is 

1 + OcK 
OCTJCD + 1 

with a lower break frequency (cog in figure 1) equal to 
1/ocT, a break frequency spread (coVc^ in figure l) equal to 
1 + otK, and zero frequency gain, K/Q. + ocK).2 The value of 
oc is given In figure 2. 

7. When it is necessary to feed less than the entire output 
of the amplifier into the integrating network- Ri is made 

1     greater than zero. In addition to dividing the output of 
the amplifier, this influences the RC network so that the 

I     transfer function of the system becomes 

So . nh^ "»» * *> Eq. (J) 
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with a lower break frequency equal to l/(ctf'T), break fre- 
quency spread, 1 + oc'£K, and zero frequency gain K/(l + oc'SK) 
The values for ocf and p  are given In figure 2. 

8. As can be seen from the above, the corner frequency exten- 
sion It* a function of the d-c gain, K, of the three stage 
magnetic amplifier around which the negative Integral feedback 
Is placed. This gain should be large for a considerable 
extension of the corner. 

9. when the system bandwidth Is Initially low, a large exten- 
sion Is possible. Thus with 400 cycle line frequency an 
uncompensated system bandwidth of 2 radians per second can 
be extended to 60 radians per second, a factor of 30. When 
the bandwidth Is Initially high, less extension Is allowable. 
Thus with 400 cycle line frequency a bandwidth of 25 radians 
per second possibly can be extended only by a factor of 5, 
or to 125 radians per second, Tnls limitation is due to 
amplifier phase shift contributing to lead circuit Instability 
at the higher frequencies. 

10. To achieve a desirable degree of compensation, a lower 
break frequency, 02, figure 1, of approximately twice the sys- 
tem bandwidth, coi, is indicated where the uncompensated system 
bandwidth is relatively high. With a low uncompensated system 
bandwidth, the lower break frequency of the lead network may 
be set up by a higher factor. Figure 3 is a plot of this 
factor, <D2/®1, for various system bandwldths. . This Is an 
approximation of a desirable lower break frequency and can 
be varied quite widely. As Is seen from figure 3, In systems 
with very low corner frequencies, 002/(01 can be high. This Is 
a result of the greater allowable break frequency spread 
ca-x/(D2f  in systems with low corner frequencies... A wide break 
frequency spread results In greater amplitude of the lead 
network phase curve b, figure 1. This permits phase curve b 
to be moved out farther in the frequency spectrum without the 
compensated phase curve c, figure 1, falling below a 45 degree 
phase margin. Although the 02/(01 ratio designated In figure 3 
is satisfactory over a nominal range of gear ratios, It has 
been found advisable at high gear ratios to lower this ratio 
slightly. Here the break frequency spread, (05/02, Is reduced 
due to the loss in d-c gain of the amplifier at high gear 
ratios where the value of Ra (figure 2) is small.  The reduced 
break frequency spread means less amplitude to the phase shift 
curve b, figure 1, which necessitates moving the phase curve b 
down in the frequency Bpectrum to ensure a 4i) degree phase 
margin. 

11. Having chosen the desired lower break frequency, It can 
be realized by the proper choice of component values as shown 
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t t 

in figure 2. Assume for the moment Ri = 0. The lower break 
frequency is then l/( ocRC), where of « Re/(Re + R). If the 
signal source is a control transformer, it is desirable to 
maintain a value of Rc, figure 2, of at least 10,000 ohm?. 
This with the chosen values of R and C determines the lower 
break frequency. If maintaining Ri » 0 results in too much 
feedback, the lead network will be unstable at the higher 
frequencies due to amplifier phase shift. To eliminate this 
the output of the amplifier Is divided down by increasing 
Rl and decreasing R2. This decreases the feedback but also 
changes the lower break frequency which is now l/( OC'RC) where 

of' oc 

1 + l 
1 

R+Rc_ 

and J RlR2 
Rl + R2 

12. The above discussion leads to a very simple design pro- 
cedure having the following steps: 

(1) Determine the approximate uncompensated system band- 
width. This can be done by making a frequency response analy- 
sis of an uncompensated closed loop with the amplifier gain 
attenuated to give the desired damping*. Or this can be deter- 
mined by open loop measurements outlined in many servo texts. 

(2) Employ a lead network of the type discussed. The 
lower break frequency can be chosen from figure 3, if desired, 
knowing the bandwidth obtained in (1). The component values 
to give the desired lower break frequency can be calculated 
from the equations given In the text and In figure 2. 

(3) The break frequency spread need not be determined. 
If this Is too large, the feedback loop will be unstable In 
which case the value of Ri must be Increased and R2 decreased 
to lower the loop gain. 

{h)  Adjust gain. It Is apparent that a given compensa- 
tion system has an upper limit of gain which it can stabilize. 
Excessive gain must be attenuated by some means. In figure 2, 
the resistance Ra is used for this purpose. 

13. A three stajre magnetic amplifier designed for a particu- 
lar motor and employing ieag compensation as above can be so 
eonstrueted that no changes must be made in the amplifier 
proper for operation over a wide range of gear ratios and 
load conditions. This Is accomplished by placing the feedback 

*The instrument used in frequency response analysis for this 
report was a simplified version of that described in 
reference 5* 

4 

1 
1 
1, 
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network components and attenuating resistance Ra external 
to the amplifier proper where they may be adjusted for varying 
system requirements. The resultant magnetic control amplifier 
is very flexible and wide in its application. 

16. The delay has been minimized in the haIf-wave magnetic 
amplifier.i This is one cycle of the power frequency for 
one stage and an additional half cycle delay for each addi- 
tional stage. Thus the three stages of the Magnetic Control 
Amplifier XM-16A introduce a delay of, at worst, two cycles 
of the 400 cycle per second supply. This is a delay of 5 
milliseconds. 

17. The d-c component in the output of the amplifier is of 
interest in computing the break frequency spread. This d-c 
component, which is applied to the integrating network, varies 
with values of Ra, figure 2. This is due to the changing 
load condition un the amplifier. With Ra = 0 the amplifier 

5 

14.  In addition, the access to the amplifier provided by the 
above design permits ready use of other types of compensation 
such as lag compensation and integration. These techniques 
have been applied to half-wave magnetic amplifiers,* A com- 
bination of lead-lag compensation is also feasible. These        ! 

possibilities further indicate the flexibility of the basic       1 
magnetic amplifier employing external network components. 

MAGNETIC CONTROL AMPLIFIER XM-16A 

15. The design of the magnetic amplifier is determined by 
the demands of the motor and general system specifications. 
The power requirements of the motor dictate the design of 
the output stage. The servo motors, Mark 8 and Mark 16, 
operated with series control phase windings, and the servo 
motor Mark 7> operated with parallel control phase windings, 
demand amplifier output power of relatively the same value. 
This is close enough to permit the use of the same output 
stage with all three motors. The Mark 12 servo motor, not 
covered In this report, may also be driven by this amplifier, 
as the Mark 12 motor is the Mark 7 servo motor with tachometer 
generator added. The remainder of the magnetic amplifier is 
determined by the gain required to satisfy the system specifi- 
cations. In the Magnetic control Amplifier XM-16A, two addi- 
tional stages are sufficient to supply the necessary gain. 
The basic amplifier consists therefore of three half-wave 
bridge stages. The negative integral feedback described in 
the Servo Design section of this report is placed around these 
three stages, giving a lead characteristic to the amplifier. 

i- 
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feeds a very Inductive load, while an increased value of Ra 
makes the load on the amplifier appear less inductive. These 
d-c gain curves for various values of Ra are shown in figure 4. 
This is the gain K of figure 2. 

18. When driving a two phase 400 cycle servo motor, the 400 
cycle component in the output of the amplifier likewise is of 
interest. This component measured at the output of the ampli- 
fier is also seen to vary slightly and inversely with values 
of Ra. These a<-c gain curves are shown in figure 5. This 
amount of output is satisfactory in the type of application 
discussed here. Where full motor output torque is needed, a 
slightly larger unit is required.  In the plotting of the curves 
of both figure 4 and figure 5, the motor load was a Mark 8 servo 
motor with control phase windings in series. 

19. The circuit diagram applicable to both Magnetic Control 
Amplifier XM-16A and Magnetic Control Amplifier XM-17A Is 
shown in figure 6. The values of components for the XM-16A 
are given in Table I. 

20. The first stage of the amplifier employs two cores, one 
supplied with windings Wi, W2, W3, the other core supplied 
with windings W4, W5, W6, (see figure 6). Thus, when one 
core saturates, diagonally opposite legs of the bridge are 
reduced to a low Impedance. The bridge is completed with 
selenium rectifiers, Rxn and Rxjj. These are doubler connected 
with the output of the Bridge taken from across the center 
lugs of these rectifiers. The second stage likewise is composed 
of two cores, one supplied with windings W7, W8, W9, the other 

i    windings Wio, Wn, W12, with rectifiers RX3 and Rxii. The 
third stage cores are supplied with windings W13, Wi4, W15, 
and W16, Wx7» W18, respectively. The core dimensions are 
given in figure J. 

21. The cores are reset to the flux level which gives the 
proper firing angle by the reset voltage across the portion 
of the power winding below the tap as shown in figure 6. 
This is 450 turns in the first two stages and 400 turns In 
the third stage. R^7 is the doubler connected rectifier for 
supplying the reset voltage. The resistors in the reset 
circuits are adjusted to give the proper reset voltage. In 
general, the firing angles are set at approximately 150° of 
the conduction half cycle. 

22. The cable connections to the amplifier are made through 1 
an octal plug whose numbered pins appear at the left side of 1 
figure 6. Identification of the pin numbers is found in 1 
Table I. The external components plug into a Winchester socket j 
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as shown at the bottom of figure 6. Circuit diagrams of the 
external components used both with lead compensation and with- 
out lead compensation are shown in figure 8. 

23. The final packaged unit minus external feedback network 
components is y*  x 2  1/2" x 2 3/8",  occupying 18 cubic inches 
and weighing 15 ounces. A photograph of the Magnetic Control 
Amplifier XM-16A, without external feedback network components 
is shown in figure 9. 

MAOMETIC CONTROL AMPLIFIER XM-17A 

24. This amplifier is designed to drive the servo motor Mark 14, 
with its control phase windings in parallel. This motor demands 
less power output from the amplifier than the motors operating 
from Magnetic Control Amplifier XM-16A. This permits a reduc- 
tion in size of the output stage and thereby an over-all reduction 
in amplifier size. Apart from this change the basic amplifier 
is essentially the same as the XM-16A. 

25. Again two stages in addition to the output stage are suffic- 
ient for the gain requirements. The negative integral feedback 
described in the Servo Design section of this report is placed 
around the three stages of amplification giving a lead character- 
istic to the amplifier. 

26. The three stages of the Magnetic Control Amplifier XM-I7A 
introduce, at worst, a delay of two cycles of the 400 cycle per 
second supply.1 This is a delay of 5 milliseconds. The d-c 
component in the output of the amplifier, which is of interest 
in computing the break frequency spread, is shown in figure 10. 
This is a plot of the gain K of figure 2. Again it is seen to 
vary with Ra (figure 2)  due to the change in load condition of 
the amplifier. 

27. The a-c component in the amplifier output which is useful 
for driving the two pnase 400 cycle servo motor is shown in 
figure 11. This gain curve varies slightly with values ofJSL. 
The curves of figures,10 and 11 were taken with a motor load 
on the amplifier consisting of the Mark 14 servo motor with 
control phase windings in parallel. 

28. The schematic representation in figure 6 applies to Mag- 
netic Control Amplifier XM-17A, while values of components for 
this amplifier are given in Table II. 

29. The first stage is composed of two cores, one supplied with 
windings W^, W2, W3 and the other windings lty, W5, Wg. The 

I. 
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bridge Is completed with selenium rectifiers, Rj^ and R^p* 
These are doubler connected with the output of the bridge 
taken from the center lugs of these rectifiers. The two cores 
of the second stage are supplied with windings W7, W8, Wg and i 
WIQ, Wii, W12, respectively, and used in conjunction with rec 

;; 

tlf iers Rx^ and Rvj,. The third stage cores are supplied with 
windings WI3, Wj.4, W15, and Wig, W17, Wx8» respectively. The 
core dimensions are given in figure ?• 

>, 

JO. The cores are reset to the flux level which gives the 
proper firing angle by the reset voltage applied across the 
portion of the power winding below the tap as shown in figure 
6. This Is 450 turns In all three stages. Rxy Is the doubler | 
connected rectifier for supplying the reset voltages. The j 
resistors In the reset circuits are adjusted to give the desired 
reset voltage which In general Is for a firing angle of approx- J 
Imately 150 of the conducting half cycle. 

31. The cable connections to the amplifier are made through 
an octal plug whose numbered pins appear at the left side of 
figure 6.  Identification of the pin numbers is found in 
Table II. The external components plug into a Winchester 
socket as shown at the bottom of figure 6. Circuit diagrams 
of the external components used both with lead compensation 
and without lead compensation are shown in figure o. The 
final packaged unit minus external feedback network components 
Is 2 3/4 " x 2 3/8" x 2 3/16", occupying 14.5 cubic Inches and 
weighing 11.5 ounces. A photograph of the Magnetic Control 
Amplifier XM-17A without external feedback network components 
Is shown In figure 12. 

PERFORMANCE OF MAGNETIC CONTROL AMPLIFIER 
XM-16A WITH THE MARK 7 SERVO MOTOR 

A. With No Added Inertia. 

32. The Mark 7 servo motor has a corner frequency, co-^, of 
approximately 27 radians per second. This was found by making 
a frequency analysis of an uncompensated closed loop system 
involving the Mark 7 motor with no added friction or inertia. 
The control phase windings of the motor were in parallel. The 
fixed phase winding was operated in series with a 0.2 uf 
capacitor. 

33. In accordance with the servo design technique previously 
discussed, the lower break frequency of the lead network was 
set at 47 radians per second. The voltage taken from the 
divider, composed of Ri and R2, figure 2, was reduced until 

8 

I I i 
1 
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there was no lead circuit unstablllty due to excessive gain 
around the feedback loop. The attenuating resistance, Ra, 
was adjusted for the desired resonant rise of the system. In 
all the systems for which data Is presented in this report the    \ 
resonant rise was set at- 2.28 db which is a phase margin of      ' 
43 degrees. 

34. The compensated system was evaluated over a range of 
gear ratios. At gear ratios of 38551 and higher from the        I 
motor to the control transformer, it was found desirable to       f 
reduce the lower break frequency. This is due to the lowering 
of the value of Ra at high gear ratios which decreases the 
dc gain of the amplifier.  (See figure 4). This loss in dc 
gain reduces the break frequency spread and lowers the ampli- 
tude of the phase shift curve b, figure 1. This In turn neces-   ' 
sitates the bringing of the phase shift curve b, figure 1, 
down in the frequency spectrum to maintain a 45 degree phase 
margin or in other words decrease the lower break frequency. 

35- The values of the feedback network components for each 
gear ratio at which the system was evaluated are given in 
Table III.. Also shown Is the lower break frequency, coo, as 
set for each gear ratio and the ratio, CD2/CDI» It should be 
noted that the network values given were "chosen to illustrate 
the procedure and performance and represent only one possible     j 
combination of these values. Other combinations within the     •!,. j 
restrictions given by the equations of figure 2, will produce 
the same performance or some desired variation in performance,   ' f 
such as Increased bandwidth with less damping. f 

36. For the network values given In Table III the performance 
of the compensated system with the Mark 7 motor and no added 
Inertia Is shown in figure 13. Curve a, figure 13, shows the 
bandwidth extension over the uncompensated bandwidth of 27 
radians per second. Curve b, figure 13, shows the static 
error in degrees and curve c, figure 13, shows the velocity 
constant in degrees per second of angular velocity at the 
control transformer per degree error signal. The velocity 
constant is somewhat low due to the d-c component of voltage 
applied to the motor. The velocity constant may be raised If 
necessary by applying lag compensation techniques. 

B - With Added Inertia. 

37. In order to present a more complete picture of the opera- 
tion of Magnetic Control Amplifier XM-16A with the Mark 7" 
servo motor it was desired to give the performance under 
different load conditions. To this end inertia loads were 
added to the system. 
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I 38. The moment of inertia of the Mark 7* servo motor is ] 
I 0*0167 in2 oz. This moment of inertia is denoted by Jmj and f 
I is the total moment of inertia in systems using the Mark 7 

motor with no added inertia, where gear train inertia can be 1 
I neglected. To this system was added a moment of inertia ( 
I equal to 4.23 times the motor inertia, Jm^. This made a total 
I moment of inertia equal to 5.23 Jm7. Under this load condition moment 01 inertia equal uo :>.<=;> um7* unties wnis xoau couui&ion 

the uncompensated system bandwidth, a>i of figure 1, was lowered 
to 5.4 radians per second. 

10 

1 

39. The lower break frequency of the lead network was set ) ' 
at 22.5 radians per second for the lower range of gear ratios 
and reduced somewhat at higher ranges. The network values 
for this load condition are given in Table IV and the perform- 
ance of the system at various gear ratios given in figure 14. 
Here the bandwidth is seen to be extended from 5«^ radians per 
second to 90 radians per second at a gear ratio of 19*25:1. 
This is a larger extension factor than achieved in the system 
with no added inertia. 

40. To present another load condition, which incidentally 
represents a more difficult damping problem, more inertia was 
added to the system. A moment of inertia of 13.3 times the 
motor inertia Jm?>< was added to the system making a total 
moment of inertia enual to 14.3 Jmj.    Under this load condition 
the uncompensated system bandwidth was lowered to 1.9 radians 
per second. Upon applying compensation the performance curves 
of figure 15 were obtained using the network component values 
given in Table V. Here the 1.9 radians per second bandwidth 
was extended to 60 radians per second at a gear ratio of 19.25. '. 
This is an extension of a factor of 31.6. 

41. The addition of a frlctionai load to the system would 1 
extend the oandwidth and present the designer with a less 1 
acute damping problem. Since such a system demands increased | 
amplifier gain and motor output torque rather than bandwidth \; 
extension it was felt that discussion of this type of load was 
beyond the scope of this paper. 1 

i 
* 

42. The Magnetic Control Amplifier XM-16A Is therefore shown 1 
to be applicable for operation with the Mark 7 servo motor 
under a variety of load conditions and over a range of gear 
ratios from 19.25 to 1155. At gear ratios higher than this 
the basic amplifier can still be used without compensation, 
employing external circuit connections of figure o (b), 1 
although the gain limitation of the amplifier is approached. f 

1 
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PERFORMANCE OF MAGNETIC CONTROL AMPLIFIER 
XM-16A WITH THE MARK 8 SERVO MOTOR 

A - With No Added Inertia. 

43. The Mark 8 servo motor has a corner frequency, &it  of 
approximately 20 radians per second. This was found by 
making a frequency analysis of an uncompensated closed loop 
system involving the Mark 8 motor with no added friction or 
inertia. The control phase windings of the motor were in 
series. The fixed phase winding was operated in series with 
a O.33 uf capacitcr. 

44. Following the servo design technique previously discussed, 
the lower break frequency of the lead network was set at 35.1 
radians per second for the low gear ratios. The voltage taken 
from the divider composed of Ri and Ro, figure 2, was reduced 
until there was no lead circuit Instability due to excessive 
gain around the feedback loop. The attenuating resistance, 
Ra, was adjusted for the desired resonant rise of the system 
which was 2.28 db. 

45* The compensated system was evaluated over a range of gear 
ratios. The values of the feedback network components for 
each gear ratio used are given in Table VI. Also shown is 
the lower break frequency, cog, as set for each gear ratio and 
the ratio, aag/co^. The network values given illustrate only one 
possible combination of values. Other combinations within the 
restrictions given by the equations of figure 2, will produce 
the same performance or some desired variation in performance 
such as increased bandwidth with less damping. 

46. For the networks given in Table VT the performance of 
the compensated system with the Mark 8 motor and no added 
inertia is shown in figure 16. Curve a, figure 16, shows the 
bandwidth extension over the uncompensated bandwidth of 
20 radians per second. Curve b, figure 16, shows the static 
error in degrees at the control transformer shaft. Curve c, 
figure 16 shows the velocity constant in degrees per second 
of angular velocity at the control transformer per degree 
error signal. 

B - With Added Inertia 

47. To present a more complete picture of the operation of 
Magnetic Control Amplifier"XM-16A with the Mark 8 servo motor 
it was desired to give the performance under different load 
conditions. To this end inertia loads were added to the system. 

11 
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1 

J43. The moment of inertia or the Mark 8 servo motor Is 0.0191 
in* oz. This moment of Inertia is represented as Jm8 and is 
the total moment of inertia in systems using the Mark 8 motor 
with no added inertia, assuming the gear train inertia can be 
neglected. To this system was added a moment of inertia equal 
to J.OJ times the motor inertia, Jm8» This made a total 
moment of inertia equal to 4.03 Jm8« Under this load condition 
the uncompensated system bandwidth, tui of figure 1, was lower- 
ed to 5-0 radians per second. 

49. The lower break frequency of the lead network was set at 
22.8 radians per second for the low gear ratios and lowered 
somewhat at higher gear ratios. The network values for this 
load condition are given in Table VII and the performance of 
the system at various gear ratios given in figure 17. 

50. To present another load condition representing a more 
difficult damping problem, a larger inertia was added to 
the system. A moment of inertia of 5» 18 times the Mark 8 
motor inertia was added to the system making a total moment 
of inertia equal to 6.18 Jmg. Under this load condition the 
uncompensated system bandwidth was lowered to 3.2 radians per 
second. Upon applying compensation the performance curves of 
figure 18 were obtained using the network component values 
given in Table VIII. Here, for the 19.25:1 gear ratio the 
bandwidth was extended from 3.2 radians per second out to 8> 
radians per second, a factor of 26. 

51. Data for an additional value of inertia load for the 
Mark 8 motor is obtainable in this report. The Mark 16, 
servo motor corresponds to a Mark 8 motor with tachometer 
generator added. The tach generator adds an inertia of 
0.64 times the motor inertia which in a system with no other 
inertia presents a total inertia of 1,64 Jm8. As seen in the 
Performance Section for the Mark 16, motor, this motor was 
operated with network compensation. That is, the tachometer 
generator was not used for damping but merely added its 
inertia to the system. The performance of the system under 
this load condition is shown in figure 20 for feedback network 
component values given in Table X. The addition of a fric- 
tionai load to the system would extend the bandwidth and 
present the designer with a less acute damping problem. Since 
such a system demands increased amplifier gain and motor out- 
put torque rather than bandwidth extension it was felt that 
discussion of this type of load was beyond the scope of this 
paper. 

?2. The Magnetic Control Amplifier XM-16A is therefore shown 
to be applicable for operation with the Mark 8 servo motor 
under a variety of load conditions and over a range of gear 

12 
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i 

•  .      ratios from 19.25 to 1155= At gear ratios higher than this 
the basic amplifier can still be used without compensation 

i (See figure 8b) although the gain limitation of the amplifier 
Is approached. 

i 

C - A Special Case of Operation 
I 
I 55. It Is not necessary that the negative Integral feedback 
I discussed In the Servo Design section be placed around three 

stages of the magnetic amplifier. A similar lead characteris- 
tic can be obtained with negative integral feedback around two 
stages of the magnetic amplifier but with less gain available 
for break frequency spread. In the preliminary stage of 
investigation, performance curves were taken of the Magnetic 
Control Amplifier XM-16A with feedback around the first two 
stages. It was operated with the Mark 8 motor having parallel 
control phase windings and no added load Inertia. 

5^. With reference to figure 2/ feedback around only two 
stages means that K now represents the dc gain of the first 
two stages while the third stage la placed following the atten- 
uating resistance R«. The phase of the Input to the Integra- 
tion network has suffered a 180° shift In the elimination of a 
stage of amplification which necessitates a reversal of the 
sense of the feedback. 

55. The system was evaluated over a range of gear ratios 
from 3.85 to 770 using feedback around two stages. Above this 
ratio the amplifier was operated without compensation and 
evaluated up to a gear ratio of 3850. In all cases the system 
was damped to a resonant rise of 2.28 db which Is a phase 
margin of 45 degrees. The values of network components all 
remained fixed with only the value of R« varying with gear ratio. 
These values are given In Table IX and the performance of the 
system with feedback shown in figure 19. 

56. It Is apparent that there may be some special advantages 
to compensation Involving feedback around two stages. Although 
the bandwidth extension will be generally lower it is possible 
to work at very low gear ratios. The static error increases at 
these low ratios, however. In presenting the data for this 
special case of operation it was desired to show another aspect 
of the flexibility of the basic amplifier. The amplifier can 
be adapted for feedback around two stages as well as three 
stages by the addition of three pin connections in the 
Winchester plug provided for the external components. 

! 

13 
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PERFORMANCE OF THE MAGNETIC CONTROL AMPLIFIER 
XM-16A WITH THE MARK 16 SERVO MOTOR 

m 
I 

• 

A - With No Added Inertia And Lead Compensation. 

57- The Mark lo servo motor has a corner frequency toi, of 
approximately 15 radians per second. This was found by 
making a frequency analysis of an uncompensated closed loop 
system around the Mark 16 motor with no added frictior* or 
inertia. The control phase windings of the motor were connec- 
ted in series. The fixed phase winding was operated in series 
with a 0.33 Hf capacitor. The tachometer generator was not 
used for damping and the system was damped to a resonant rise 
of 2.28 db by attenuating amplifier gain. 

58. In order to provide compensation for this system having 
a bandwidth of approximately 15 radians per second, the lower 
break frequency,c&i,of the lead network was set at 5l»7 radians 
per second at the lower gear ratios and reduced at higher gear 
ratios. The voltage taken from the divider, composed of Rj 
and R2, figure 2, was reduced until there was no lead circuit 
Instability due to excessive gain around the feedback loop. 
The attenuating resistance, Ra, was adjusted for the desired 
resonant rise of 2.28 db. 

1 

59. The compensated system was evaluated over a range of 
gear ratios from 20 to 1200. The values of the feedback 
network components for each gear ratio at which the system 
was evaluated are given in Table X. Also shown is the lower 
break frequency as set for each gear ratio and the ratio 
032/0)1. Again it should be noted tnat the network values 
given were chosen to illustrate the procedure and performance 
and represent only one possible combination of these values. 

60. The performance of the system is shown in figure 20. The 
stabilization of this system without the use of the tachometer 
generator for damping leaves the tachometer generator free for 
other uses in the system. Here then is provided a system with 
a signal voltage available that is proportional to velocity. 
This may be of interest in some applications. In many cases 
however the tachometer generator will be used for damping the 
system in which case the Magnetic Control Amplifier XM-loA is 
used without external feedback networks as shown in figure 8b. 

B - With No Added Inertia and Tachometer Damping. 

61. As stated before, the Mark 16 servo motor has a corner 
frequency of approximately 15 radians per second. Using tach 
damping in this system with no added inertia, the corner 

14 
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frequency was extended to 105 radians per second at a gear 
ratio of 20:1. There exists a limitation on the extension of 
this bandwidth due to amplifier and tachometer phase shift? 
The performance over the range of gear ratios is shown In j 
figure 21. With the feedback network not being: used, the « 
variable external components remaining are Rc and Ra with 
the addition of a new component, Rt, In serleft with the tach- 
ometer generator. The external connections are shown in 
figure ob while the internal connections are seen In figure 6.      | 
It can be seen that feeding the speed proportional signal from     , 
the tachometer into pins 7 and 8 of the Magnetic Control 
Amplifier XM-16A with R* in place as shown by figure 8b, 
results in the tach feedback being applied directly to the 
Input control windings of the magnetic amplifier through Rf 
Thus the tach feedback is in parallel with the control trans-      f 

former input. 

62. The values of the external components used in obtaining 
the performance curves of figure 21 are shown in Table XI. 

C - With Added Inertia and Tachometer Damping. 

63. In order to obtain a complete picture of the operation 
of the Magnetic Control Amplifier XM-16A with the Mark 16 
motor employing tach damping rather than lead compensation f 
it was desired to check several load conditions. To this end ; j 
two different inertia loads were added to the system. 

•'*','    * •       *       ? 
         - •- . V 

64. The first added inertia equalled 0.41 times the Mark 16 -f 
motor inertia, Jrai6» giving a total inertia equal to 1.41 Jml6. 
The Mark 16 motor moment of inertia, Jml6» including motor and 
tachometer generator, equals O.O313 In2 oz. With this load 
condition the uncompensated system bandwidth is approximately 
10.6 radians per second. Employing tachometer damping the 
performance curves of figure 22 were obtained with the external 
component values given in Table XII. 

65. The second Inertia load Investigated was with the addition 
of an inertia equal to 2.48 times the motor inertia which gave 
a total inertia equal to 3.48 Jml6« With this load condition 
the uncompensated system bandwidth was approximately 4.3 
radians per second. Employing tach damping the performance 
curves of figure 23 were obtained with external component 
values given in Table XIII. 

66. The Magnetic Control Amplifier XM-16A in seen to be 
applicable for operation with the Mark 16 servo motor under 
a variety of load conditions and over a range of gear ratios 
of 20 to 1200. Damping may be accomplished by tachometer 

15 
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1 

feedback or by lead network compensation. The effect of j 
additional Inertia loading on systems using the Mark 16 motor 
and employing lead network compensation can be determined by I     • 
consulting the curves for the Mark 8 motor with added inertia | 
loading. The Mark 16 motor moment of inertia, Jmx6# 

ls 1*^ 
times the Mark 8 motor moment of inertia, J, mws I 

1  i 
PERFORMANCE OP THE MAGNETIC CONTROL AMPLIFIER 1 > 

XM-17A WITH THE MARK 14 SERVO MOTOR \ 

A•- With No Added Inertia. j 

67. The Mark 14 servo motor has a corner frequency, e>i, of 
approximately 9 radians per second. This was determined by I 
frequency response analysis of an uncompensated closed loop I 
system using the Mark 14 motor with the control phase windings 
in parallel. The fixed phase winding was connected in series | 
with a 0.1 uf capacitor. 1 

68. For this 9 radians per second bandwidth the lead network 
lower break frequency, wg, was set at 20 radians per second 
for the low gear ratios and reduced to 16 radians per second 
for ratios greater than 520:1. The attenuating resistance, 
Ra, was adjusted for the desired resonant rise of the system 
of 2.28 db. 

69. The compensated system was evaluated over a range of 
gear ratios. The values of the feedback network components 
for each gear ratio checked are given In Table XIV. The per- 
formance of the system is shown in figure 24. The 9 radians 
per second bandwidth is seen to be extended to 1?4 radians per 
second at a gear ratio of 28.9:1, a factor of 14.9* 

B - With Added Inertia. 

70. The rotor moment of inertia, Jmit. of the Mark 14 servo 
motor is O.OO585 In2 oz. To check performance of the system 
with added Inertia load, sufficient Inertia was added to bring 
the total Inertia including that of the motor up to 3 Jml4* 

I     With this load condition the uncompensated. system bandwidth f 
1     is lowered to 3 radians per second. | 

1     71. The lower break frequency, (Og* of the lead network is set J 
I     between 16 and 2X.5 radians per second over the gear ratio 1 

range. Specific values are shown in Table XV along with the 
values of feedback network components used at various gear 

j A  I     ratioso The voltage taken from the divider composed of Rj f 
I     and R2, figure 2, was reduced until there was no lead circuit .   $ 

1 16 
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instability due to excessive gain around the feedback loop. 
The attenuating resistance, Ra» was adjusted for the desired 
resonant rise of 2.28 db. 

72* The performance of the system is shown in figure 25. 
The 3 radians per second bandwidth was extended to 69 radians 
per second at a gear ratio of 28.9:1. This is a factor of 23„ 

73* The addition of a frictlonal load to the system would 
extend the bandwidth and present the designer with a less 
acute damping problem. Since such a system demands increased 
amplifier gain and motor output torque rather than bandwidth 
extension it was felt that discussion of this type load was 
beyond the scope of this paper. 

74. The Magnetic Control Amplifier XM-17A is therefore shown 
to be applicable for operation with the Mark 14 servo motor 
under several load conditions and over a range of gear ratios 
from 28.9 to 1733> At gear ratios higher than this the basic 
amplifier can still be used without compensation as in figure 
8b, although the gain limitation of the amplifier is approached. 

CONCLUSION { 

75* The design of a servo system employing a magnetic control      > 
amplifier with lead compensation is simple, straightforward and   : | 
accurate. Using this design technique with a given motor, a 
basic control amplifier can be constructed which can be 
modified externally by a plug-In unit to meet a wide variety 
of system requirements. 

76. Such a basic control amplifier has been constructed for 
operation with servo motors, Mark 7, Mark 8, and Mark 16, 
and another for operation with servo motor Mark 14. 

77. The complete construction details and performance curves 
for both magnetic control amplifiers anticipate the require- 
ments of many systems and can be used to predict the perform- 
ance of these amplifier-motor combinations In a specified 
system. 

78. System requirements not covered by the performance curves 
but necessitating lead compensation within the scope of this 
report may be met with these amplifier-motor combinations by 
the design of a simple RC network. 

17 



m 

NAVORD Report 2853 

79» The possibilities of the basic amplifier have not been 
exhausted. Other types of compensation may be used to meet 1 j 
specific system requirements. 1 3 

j 

I '- 
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All cores era toreidolly wound 0.CC2"CRTHONOL (highly grain 
oriented 50% nickel-iron Hope having a rectangular hysteresis 
loop,, These cores are placed In batterlite cores boxes before 
firming. The boxes for the 5/8" X f X I/4M cores have the inside 
wall removed to increase the winding space. 
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Table I 

VALUES OF COMPONENTS SHOWN IN FIGURE 6 FOR THE 
CONTROL AMPLIFIER XM-16A 

Wl, W4, WT, WIO 
W5, W6, W9, W12 
W2, W5 
W8, Wll 
W15. Wl6 
wi5i wi8 
Wl4, W17 

RX1, RX2 

1250 turns No. 
1250 turns No. 
600 turns No. 
100 turns No. 
900 turns No, 
900 turns No. 
xw turns No. 

^7 
yi  tapped at 800 turns 
37 
37 
30 
30 tapped at 500 turns 
30 

R vz xtvh 
•n.^9    "At 

RX5, RX6 

RX7 

Ra* P-c» R» Rl> 
R2 

Rt 

R4 

R73 P-8 
R9#-*io 
Rll, *12 
R13, Ri4 
R15 

Pins 1 and 2 
Pins 7s and 4 
Pins 5 and 6 
Pins 7 and 8 

2 plates, doubler connected, 5/8" sq., 
Radio Receptor Company 

6 plates, doubler connected, 5/8" sq., 
Radio Receptor Company 

6 plates, doubler connected, 1" sq., 
Radio Receptor Company 

12 plates, doubler connected, 5/8" sq., 
Radio Receptor Compaisy 

vary with the system used. See Tables 
III through XV _ 

used with tach damping* See Tables XF 
through XIII 

Balance Potentiometer 10K ohms 
24K ohms, 1 watt* 
27K ohms, 1 watt* 
18K ohms, 1 watt* 
18K ohms, 1/2 watt 
30 ohms, 5 watt 
5 ohms, 5 watt 

varies with system used.  See Tables III 
through XV~ 

115 volts, 400 cycles 
Control signal input 
Amplifier output to motor 
Tachometer feedback input when used 

1 i 

* These values are adjusted to give the proper firing angle 
for each set of cores. 
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Table II 

VALUES OP COMPONENTS SHOWN IN FIGURE/6 FOR THE 
MAGNETIC CONTROL AMPLIFIER XM-17A 

Wi, W4, W7 , WIO 
W3, w6, W9 , W12 
W2, W5 
W8, Wll 
W13J Wl6 l 

W1K Wi8 
¥14, W17 

RXlj RX2 

RX3, RX4, RX5, 
RX6 

RX7 

Ra» Rc, R, Ri, 
~-R2 
n«f 

ft' 
R6 
R8 

R9, RIO 
Rll, R12 ' '::••  '. f.''-, 

R1*,4U4 _.;-.-,,-•. ,-- 

R15 

125G turns No. 
1250 turns No. 
600 turns No. 
100 turns No. 

1250 turns No. 
1250 turns No. 
100 turns No. 

57 

37 tapped at 800 turns 
27 37 34 
3^ tapped at 800 turns 
55 

2 plates, doubler connected 5/8" sq., 
Radio Receptor Company 

6 plates, doubler connected, 5/8" sq., 
Radio Receptor Company 

12 plates, doubler connected. 5/8" sq., 
Radio Receptor Company 

vary with the system used. See Tables III 
through XV 

Balance Potentiometer, 10K ohms 
27K ohms, 1 watt* 
33K ohms, 1 watt* 
25K ohms, 1 watt* 
18K ohms, 1/2 watt 
30 onn-s, 5 watt 
not used 

3-. 
ij 
"f • 

C 

Pins 1 and 2 
Pins 3 and 4 
Pins 5 and 6 
Fins 7 and 8 

varies with syster. used, 
through XV 

See tables III 

115 volts, 400 cycles 
Control signal input 
Amplifier output to motor 
Not used (the connections shown need not 

be made) 

•These values are adjusted to give the proper firing angle 
for each set of cores. 

^5 

•Bag 1. m 



JN&vurvu rvepOi C   «-0^^' 

• 

Table III 

Values of feedback network components for Mark 7 motor with 
no added Inertia 

See figure 13 for performance 
Total Inertia « Jm7 ®i  - 27 Radians/sec. 

Gear 0>o 
0)2/0)! Ratio Rc R C Ri R2 

Ra Rads/sec. 

19.25 10K 9K '.uf 6K 4K 8(XLu 47.0 1.7 
38.5 10K 9K 4uf 6K 4K 260U. 47.0 1.7 
115.5 9K 4uf 6K liw 

-TJX wiyuu 47,0 1-T 
385 10K 16K 4uf 5K 0 38.4 1.4 
1155 10K 22K 4uf 9.5^ 

Table 

Q.DK 

IV 

36.0 I»3 

Values of feedback network components for Mark 7 motor with 
added inertia equal 4.23 times motor inertia 

See figure 14 for performance 
Total Inertia - 5.23 Jm7 «i » 5*4 Radians/sec. 

Gear 
Ratio 

Rl       R2       Ra     Rads%ec ^ML 

19.25 
38*5 
115^5 
385 
1155 

10K 
ir\tr 
JLWIV 

10K 
10K 
10K 

I0K &Vf 
10K 8uf 
25K 8uX 
25K 8iif 
30K 8iLf 

*  5K 28QU. 
5K 5K 150^ 
3K 7K 7G/v 
?K 7K 3CU 
4.5K 5.5K 0 

22 = 5 4.2 
22.5 4*2 
•%rr     1 3.2 
17.1 3-2 
16.3 3.0 

i 
1 

1 

a a- 

1 

Table V 

Values of feedback network components for Mark lector with 
added ine.tia equal 13-3 "mes motor i^exwa 

See figure 15 for performance ^   Radians/wo, 
Total Inertia • 14.3 Jm7 * 

Gear T» P 
Rat- io «c *• 

19.25 10K ocir 
38.5 10K 25K 
115-5 10K 30K 
385 10K 40K 
1155 10K 'rOK. 

R2   R.  Rads%ec. °®M 

8«.'.f 
8uT 
8uf 
8jif 
8uf 

2K 8K 26QU. - 17.1 9.0 
2K 8K 10CU. 17.1 9.0 
3K JK 5(Lw 16.4 I'7 

3*5K 6.5K 2(U 15.5 8.2 
2K 8K 9CU 15.5 8,2 
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Table VI 

Values of feedback network components for Mark 8 motor with 
no added inertia 

See figure 16 for performance 
Total Inertia - Jm8 ®>i  • 20 Radians/sec. 

Gear 
Ratio He XV C H Ro 

mm 

—T5S  
Rads/sec «2/a>l 

19.25 10K 3K 8uf 5K 5K 560w 35.1 leS 
38.25 10K 3K 8iif RK 5K 15CU. 35.1 1.8 
115.5 10K 4K 8uf 5K 5K 0 5X«2' 1.6 
385 10K 10K 8M.f 7K 3X 0 22.8 1.1 
JLLyu 1\JBL 2CK %f 9.5K 0.5K 0 37.2 1.9 

•Table VII 

Values of feedback network components for Mark 8 motor with 
added inertia equal 3.O3 times motor inertia 

See figure 17 for performance 
Total Inertia •» 4.03 Jm8 ®i * 5 Radians/sec. 

Gear 
Ratio 

19.25 10K 
38.5 10K 
115.5 JLUfl. 
385 10K 
1155 10K 

Rl   R2 
(D2 

Rads/sec ^Ai 

XV/1V W|XJL 

10K 8uf 
I0K Sprf 
15K 8uf 
25K 8uf 

3K 
3K 
K 
K 
5K 
I 

7K 
7K 

6K 
5K 

280^ 
11CU. 
0 
3C~ 
0 

22.8 
22.8 
22.8 
19.6 
17.1 

4.6 

4.6 

3.4 

  Table VIII 

Values of feedback network components for Mark 8 motor with 
added inertia equal 5«l8 times motor Inertia 

See figure 18 for performance 
Total Inertia • 6.18 Jmg CJJJ » 3.2 Radians/sec. 

Gear 
Ratio 

*•* 
*VC 

,r> 
•• W" ••   - -• • • Hi         R2 *a Rads/sec <»2/a>i 

19.25 10K 10K 8uf 4K        6K 26CLv 22.5 7.0 
38.5 10K 10K 8uf 4K        6K 12CLv 22.5 7.0 
115.5 10K 14K 8iif 4K      6K 5CU- 20.0 6.3 
385 10K 20K 8nf 3.5K   6.5K 0 18.2 5*1 
1155 10K 20K 8uf 5.5K    4.5K 

*7 

0 17.9 5.6 

•SI 
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Table IX 

Values of feedback network components for Mark 8 motor with 
no added inertia and feedback around two stages 

See figure 19 for performance 

oil m 20 Radians/sec 
cog « 45.8 Radians/sec 
<02/CDI • 2,19 

M* r>       —    1Off 

fr R".«    &K Ai  « 0 
W'- C     = 8uT Rtf   m 00 

a 

Gear 
Ratio 

Static 
Accuracy Ra 

3.6* 5.00 deg. 57K with network 
11.85 I.25 22K 11           11 

58:50 0.50 6K 11           11 

77* 0.30 5K n           11 

3»5 0.10 0.7K 11...        11 

770 0.07 0.5K :i               11      » 

2310 0.04 2K without network 
3850 0.02 

Table X 

0.2K n                   n 

m 

w 
1 

Values of feedback network components for Mark 16 motor with 
-••>"'    rio added inertia.  (Tach not used) 

See figure 20 for performance 
Total Inertia - Jmi6 ^l * *5 Radians/sec 

Gear 
Ratio *1 R2 

•—102        —*"~~~ 
Rads/sec    ^/ooi 

2<v 
40 
120 
400 
1200 

IOK 
l6k 
10K 
10K 
10K 

4K 
4K 
4K 
8K 
8K 

8uf 
8uf 
8jxf 
8uf 
8jif 

3* 
5K 
3K 

7.7K 
9Dv       f\   tytf 

cv 
5K 
7K 

2.3K 

50CLv 
13CU. 

0 
0 
0 

31.7 
31.7 
33.0 
25.2 
27.8 

2.1 
2.1 
2.1 
1.7 
3-8 

II 
1     i 
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Table XI 

Values of components used with Tach damping for the Mark 16 
motor with no added inertia 
See figure 21 for performance » 

Total Inertia « Jmx6 o>i * 15 Radianu/sec 

Ratio        Rc «a Kt i 

20 40K 40G.-. 22K 
40 20K 50Ov 18K 
120 2CK 0 45K 
400 20K 0 135K 
1200 • AW 

iUft. 

Table 

0 

XII 

50K 

Values of components used with Tach damping for the Mark 16 
motor with added inertia equal 0*4l times motor inertia 

See figure 22 for performance 
Total Inertia - 1.41 Jmi6 ra^ « 10,6 Radians/sec 

Gear 
Ratio Re Ra H 

20 40K 500b-- 23K 
14K 

• t 

ii.0 20K 20CL^ *•• 

120 20K — A  ^44K •..-• _i  

400 15K 0 64K 
1200 10K 0 15K 

____„—__    Table XIII 

Values of components used with Tach damping for the Mark 1.6 
motor with added inertia equal 2.48 times motor inertia 

See figure 23 for performance 
Total Inertia = 3.48 Jmi6 on - 4.3 Radians/sec 

Rf. dear Re R; natio 

20 17K 0 
40 13K 0 
120 UK 0 
400 11K 0 
1200 10K 0 

4K 
3. IK 
4. IK 
UK 
9K 
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Table XIV 

Values of feedback network components for Mark U motor with 
r,u axded Inertia Wlth 

Sea figure-24 for performance 
Total Inertia (D-i ~   J7   "avuLciuo/BtSc 

Ratio 

28,9 
36.6 
173 
f>?0 
1733 

R, 

10K 
10K 

R2  R a 
cog 

Rads/aee &3/m 

4K 

17K 
33K 

10K  3?K 

8uT 
Su.f 
8uX 
8p.f 
8^f 

7K 
0 
0 
0 
0 

3K 
10K 
10K 
10K 
10K 

70Ow 
25CU 
12CU 
20CW 
5€U 

20 
2Q 

16 
16 

2.2 
2.2 
2.2 
1.8 
1.8 

Table XV 

j . 

i l 
i 

Values of feedback network components for Mark 14 motor with 
added inertia equal 2 times motor inertia 

See figure 25 for performance 
Total Inertia - 3 Jmi4 a>i • 3 Radians/sec 

Qear 
Katio R, Ri R« 

'—njg—?*v.   •- 

Rads/sec ®Vi 
I 

28.9 30K 10K 8jif 0 10K iHXLu 16.0 
86,6 10K 25K 8uf 0 10K 230^. 17.0 
173 10K 13K 8uf IK 9K 0 21.5 
520 10K 15K 8uf IK 9K 70u. 19.5 
1733 1QK 24K 8|JLf IK 9K 6(Lw 17.5 

5.3 
5.7 
7.2 
6.5 
5.8 

I 

i - 
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